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AN APPARATUS AND METHOD FOR DETERMINING TEMPERATURE OF AN 
ACTIVE PIXEL IMAGER AND CORRECTING TEMPERATURE INDUCED 

VARIATIONS IN AN IMAGER 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to improved semiconductor 
imaging devices, and in particular to an imaging device employing temperature 
compensation. 

BACKGROUND OF THE INVENTION 

[0002] Imaging sensors are used to capture visible light or other types of 
incident radiation emissions and produce an image in a variety of applications. Many 
parameters of an imaging sensor are temperature dependent. It is therefore desirable to be 
able to determine image sensor temperature and use the temperature data in a variety of 
ways including compensation for the effects of temperature. 

[0003] For example, in CMOS active pixel sensors (APS), overall analog 
power consumption is primarily the sum of the bias currents of each of the individual 
analog circuits. These bias currents are proportional to the master current I^f, generated by 
a dedicated analog cell commonly referred to as the master current reference. In many 
cases, the master current reference cell has a positive thermal coefficient (PFAT) 
proportional to changes in absolute temperature, that is, as temperature increases, the 
master current increases, leading to a higher power consumption. On the other hand, as 
the temperature decreases, the reference current decreases leading to a reduction of the bias 
current for the analog circuits. With respect to its room temperature nominal value and 
within the temperature range of - 20° C to +65°C, it has been observed that the master 
current linearly varies from -15% to +15% from a nominal value. Furthermore, at room 
temperature the distribution of master current values in a population of CMOS chips is 
gaussian shaped with a standard deviation (sigma) of -7% of the mean value. Chip-to-chip 
variations in master current values originate from manufacturing process variations and can 
typically only be corrected by individual trimming of the master current reference cell 
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output. When process and temperature variations are combined together, temperature 
drift or changes cause variations of the master current 1^ causing erroneous operation or 
possibly chip failure if the chip temperature changes toomuch. 

[0004] Contemporary CMOS imager chips lack an optimal system for 
automatically compensating for variations in temperature in large measure because sensing 
of imager temperature requires dedicated circuitry which adds to design cost. Thus, a new 
approach is needed to provide a simplified temperature sensing system for CMOS imaging 
operations. 

BRIEF SUMMARY OF THE INVENTION 

[0005] In one aspect, the invention provides a temperature sensor, a current 
correction apparatus and operating method which uses dark pixel measurements from a 
chip during operation in combination with a known fabrication process constant and a chip 
dependent constant to more accurately calculate chip temperature. The chip temperature 
can be used to generate a temperature corrected current signal. 

[0006] In another aspect of the invention, an imager chip is tested during 
manufacturing to determine chip dependent constants and one or more values representing 
a dark current scalar which are stored in an imager chip memory. The imager chip includes 
a pixel array with one or more dark current pixels for providing dark current signals. A 
logic circuit is configured to calculate a sensor temperature value based on the one or more 
dark current signals, the stored constants and calculated or stored scalar values. The 
temperature value can be used to adjust a master current source and/or individual circuit 
current sources on the imager chip to correct current supply for temperature variations. 

[0007] The above and other features and advantages of the invention will be 
more readily understood from the following detailed description which is provided in 
connection with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 shows a graph of an exponential relationship between dark 
current and sensor temperature; 

[0009] FIG. 2 shows a graph of a logarithmic relationship between dark 
current and sensor temperature; 

[0010] FIG. 3a shows a simplified imager pixel array with dark pixel 

structures; 

[0011] FIG. 3b shows an exemplary signal chain for an imager; 

[0012] FIG. 3c shows an exemplary portion of the FIG. 3b signal chain; 

[0013] FIG. 4 shows an exemplary processing sequence for determining 
CMOS imager temperature; 

[0014] FIG. 5 shows an exemplary structure for determining an imager 
temperature; 

[0015] FIG. 6 shows a simplified exemplary structure for tuning a master 
current reference of an imager circuit; 

[0016] FIG. 7A shows a simplified exemplary structure for adjusting 
resistance of an imager circuit; 

[0017] FIG. 7B shows a simplified exemplary structure for adjusting 
capacitance of an imager circuit; 

[0018] FIG. 7C shows a simplified exemplary structure for adjusting voltage 
of an imager circuit; and 

[0019] FIG. 7D shows a simplified exemplary structure for adjusting 
inductance of an imager circuit. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0020] The inventors have observed that a CMOS imager pixel dark current 
doubles every N°C with N being a value which is process dependent and which in general 
ranges from 6 to 10. Dark current is that current which, under specified biasing 
conditions, flows in a photoconductive pixel when there is no incident radiation. 
Consequently, even in the absence of visible light or incident radiation dark current is 
present. Background radiation and thermal effects constitutes the dark current. 

[0021] A variety of technical problems arise with making estimations of 
temperature from dark current and using such measurements for performing automatic 
current corrections. One difficulty is obtaining an accurate dark current measurement. 
Another problem is temperature calibration of the measured value of the dark current. 
While dark current measured from a pixel varies with temperature, there is not a direct 
proportional relationship between temperature and dark current. Several additional factors 
influence the relationship of dark current to temperature. For example, dark current 
relationships to temperature vary by manufacturing process. Also, the effects of 
temperature on dark current vary chip-to-chip. 

[0022] The following equation illustrates various factors which have been 
found to affect a pixel dark current relationship to sensor temperature: 
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where 1^ is the dark current of the sensor represented by a dark current of a 
pixel at a temperature T, Iq is a scaling factor for the dark current and a is a manufacturing 
process constant. Both constants (Io and a) are independent of the sensor temperature T. 
An imager sensor temperature T can thus be derived from equation 1 as follows 

a / 0 

, (2) 

[0023] The constant a has a value which is dependent on the particular 
manufacturing process used to fabricate an image sensor. Experimentally, it has been 
found that the value of a does not significandy change from one pixel design to another 
pixel design, nor does it vary from chip to chip (or from wafer to wafer) but it is a process 
dependent constant. 

[0024] FIG. 1 shows measured exponential relationships which exist between a 
pixel dark current and an image sensor temperature. The dark current versus temperature 
is shown as an exponential relationship with two unknowns which affect the relationship. 
One unknown is a and the second is the dark current scalar Iq value shown in equation 1. 
These unknowns can be determined empirically by placing a variety of test image sensor 
chips made from the same manufacturing process in test equipment and then varying the 
ambient temperature of the sensor, and measuring a reference dark current for each 
reference temperature. The results can be logarithmically plotted as dark current versus 
temperature as shown in FIG. 2. 

[0025] The FIG. 2 logarithmic relationship between dark current and 
temperature is useful in determining process constant a. FIG. 2 shows that two 
logarithmic plot lines 11, 13 for two different chip (pixel) designs produced by the same 
process have the same slope in the logarithmic representation. For the example shown in 
FIG. 2, the a constant is 0.073 for the two pixel designs. Thus, one way to determine a is 
to use the slope of a logarithmic equation describing dark current measurements at specific 
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sensor temperatures for chips produced by the same process. A number of pixel designs 
can be tested to determine a. 

[0026] Equation 1 can be further explained in the context of the FIG. 2 
exemplary logarithmic graph. Plot line 11 for one pixel design shows a "y" value 15 which 
corresponds to dark current 1^, the plot line 11 value 1317.8 corresponds to a dark 
current Iq scalar, the manufacturing exponential constant a is shown as 0.0073 and the "x" 
value corresponds to sensor temperature T. 

[0027] Once the a constant is known from the slope of the Fig. 2 plot, the scalar 
Io can be determined. The scalar Iq varies from chip-to-chip but can be determined from 
dark current reference values Id^^f taken at a respective reference temperature T ref using 
the equation: 

j _ Idark.ref 
*0 - e aTref 

(3) 

where I is the measured value of dark current taken at reference temperature 

T re , 

[0028] Once the values of a and Io are known for a particular chip, they may 
be stored on the chip in a memory as either the values d and Io or the values a, 1^ ref , T rcf . 
In the latter case, 1^ is calculated when needed from the stored 1^^ and T rcf values using 
equation (3) or these values can be direcdy used to calculate temperature. If the values a 
and Io are stored or the value T ref is calculated using equation 3, a sensor temperature T can 
be calculated from these values and a pixel dark current measurement 1^ using equation 
(2). Alternatively, sensor temperature can be calculated from the stored values a, 1^^, 
T ref and a pixel dark current measurement 1^ from the following equation: 

T = —ln Idark +T nf 

a I dark, ref 

(4) 

In either case, a reliable measurement of sensor temperature can be produced from a pixel 
dark current measurement taken from a dark pixel of the sensor. 
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[0029] FIG. 3a shows peripheral areas 31 of a pixel array 30 which contains 
dark pixels from which dark current measurements are taken. The dark pixels in peripheral 
areas 31 are read-out using the same signal path and timing diagram as for clear pixels in 
area 32 which are used for imaging. 

[0030] Referring to FIG. 3b, an exemplary signal path for read out of clear 
and dark pixels is shown. A pixel array 30 is coupled to column sample and hold circuits 
33. The sample and hold circuits 33 sample pixel signals from array 30 row-by-row and 
column-by-column within a. row as known in the art. In actual practice, each pixel 
whether clear or dark, provides two signals during operation, a reset signal Vrst and an 
image signal Vsig. These two signals are subtracted to yield an actual signal based on the 
pixel photo conductive process. For dark pixels, this value subtraction represents pixel dark 
current 1^. As shown in FIG. 3b, the subtraction is performed in a differential amplifier 
35 and the resultant signals are digitized in an analog to digital converter (ADC) 36. The 
digitized pixel signals are input into an image processor 37 which performs image 
processing on clear pixels signals and can also perform sensor temperature calculations 
based on the sampled dark pixel signals using the values of a and Iq or a, T ref , and 1^^. 
The image processor 37 has two outputs in this embodiment. One output path is to a 
digital to analog converter (DAC) 38 and another output path carries digital data output 
from the image processor, including temperature data. 

[0031] FIG. 3c shows in greater detail the above mentioned sample and hold 
circuits 33 of FIG. 3b. In particular, FIG. 3c shows a set of sample and hold capacitors 
Cvrst, Cvsig selectively coupled to each column line which stores a Vrst and Vsig signals 
from a selected pixel. A clamping voltage Vclamp is switched to the backsides of capacitors 
Cvrst, Cvsig before the signals Vrst, Vsig are sampled onto the capacitor. After the signals 
Vrst and Vsig are sampled onto the capacitor, column and crowbar switches are used to 
apply the Vsig and Vrst signals sampled and stored on capacitors Cvrst, Cvsig into a 
differential amplifier 35. 

[0032] While temperature T can be calculated from a single dark pixel of an 
array, an improvement in sensor temperature calculations accuracy can be obtained by 
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calibrating the 1^ signal through signal conditioning. It is well recognized that after 
amplification and digitization of the pixel signal, the converted 1^ signal obtained from a 
dark pixel is composed of two components. A first component is related to the pixel 
current signal which, for a dark pixel, is proportional to the integrated dark current during 
the selected integration time. For a given integration time, this signal is temperature 
dependent and doubles about every 8°C. Another component is a systematic offset 
independent of the integration time. The offset component originates from signal 
conditioning procedures such as sampling, amplification and digitization and in general, is 
temperature dependent, although its exact dependence from temperature is not known in 
advance. 

[0033] A large systematic offset may prevent the use of a sampled dark pixel 
signal 1^ by itself to accurately determine array temperature, depending on the 
temperature accuracy which is required. Such an offset is removed by sampling two signals 
integrated by a dark pixel where each signal has different integration times, tl and t2 to 
produce a calibrated dark current signal. A calibrated dark current 1^ value with offset 
removed can be computed using equation 5 as follows: 

1^ = ((SI + Voff) - (S2 + Voff))/(tl - 12) - (SI - S2)/(tl - 12) (5) 

where SI and S2 are the net pixel signals (Vrst - Vsig) from a dark current pixel taken for 
different respective integration times tl and t2. is the offset component associated with 
each measurement. SI and S2 are digitized output signals from an analog to digital 
converter (ADC), in this embodiment, which represent the digital value associated with 
uncalibrated net dark current sampling for integration times tl and t2. A processor 
calculates 1^ using SI, S2 and tl and t2. In this way, the offset component (V off ) can be 
removed and a calibrated pixel dark current 1^ value computed for use in a temperature 
calculation. 

[0034] An automatic procedure for computing the calibrated dark current 1^ 
using equation 5 can be implemented on-chip and produced as a result of computation 
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made available at an output register of the imager. Calculation of calibrated 1^ can be 
configured to be periodically executed by the imager or for instance as a part of those 
operations the imager routinely executes during an initialization phase. Once a dark 
current value 1^ is obtained, then a sensor temperature can be computed in a processor or 
other logic circuit using the on-chip stored reference values using equation (2) or equation 
(4), as described above. 

[0035] Referring to FIG. 4, an exemplary method for performing a calculation of 
temperature from calibrated dark current and stored calibration values is shown. At 
processing segment S39, a net dark pixel signal SI (Vrstj - Vsig^ is acquired using an 
integration time tl from a dark pixel. The sampled dark pixel is then reset at processing 
segment S40. At processing segment S41, a net dark pixel signal S2 (Vrst 2 - Vsig 2 ) is 
acquired for an integration time t2 from the dark pixel. One of the tl or t2 time periods 
will be longer than the other time period to facilitate signal oflset removal and produce a 
calibrated dark current signal 1^ in accordance with equation 5. At processing segment 
S42, calibrated dark pixel signals 1^ is calculated. Next, at processing segment S43, sensor 
temperature T is calculated in accordance with equation 2 if the values a and Iq are stored 
or in accordance with equation 4 if the values a, 1^^ and are stored. Next, a 
determination of whether or not another temperature calculation will be performed is made 
at processing segment S44. If yes, then processing recommences at processing segment 
S39. If no further temperature calculations are to be made, then processing stops. The 
temperature calculation can be repeated in order to obtain an average of temperature values 
for the same segment of the chip, or different reference dark current pixels from different 
segments of the chip can be averaged and used to produce a temperature measurement. It 
should be noted that it is not required that additional temperature calculations be 
performed as a single temperature value may be sufficient for a particular image processing 
need or requirement. 

[0036] It should be noted that a highly precise temperature measurement may 
not be required in many applications. Moreover, it is often desirable to convert a larger bit 
digital value to a lower bit digital value in order to reduce processing or look-up table 
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requirements. Thus, an estimated temperature with a desired precision can also be 
produced and used in accordance with the invention. 

[0037] One temperature estimation technique which may be used is an 
estimation of variations in sensor working temperature from a reference temperature. 
Frequently, such an estimate will suffice for many applications. One way an estimate of a 
difference between actual temperature Tl and a reference temperature T ref can be produced 
is shown in equation 6: 

Tl -T^ = 1/ct * lnawlda^r) (6) 

[0038] Temperature estimation can also be accomplished using a temperature 
range corresponding to binary notation. A range scheme may be used to reduce the size of 
temperature values stored in an onboard register when a precise temperature value is not 
required. 

[0039] Once a temperature value representing chip temperature is known, it can 
be used to compensate for temperature induced operational variations in an imager device. 
FIG. 5 shows a system for controlling the master current to an imager chip to compensate 
the master current for temperature variations. A chip temperature value calculated in 
accordance with the invention can be used to control current flow within an imager chip. 
A programmable current multiplication stage 53 is placed in between a master current 
reference source 51 and downstream analog circuitry 55 which requires current from 
source 51. The current multiplication stage 53 is controlled by an on-chip digital logic 
unit 60 which generates a scaling factor M 58 in response to a temperature data input 57. 
At low sensor ambient temperature, where the current reference I ref will be reduced with 
respect to its room temperature value, the multiplication constant M will be larger than 
unity. At high sensor ambient temperature, where the current reference will have a higher 
1^, the multiplication constant M will be less than unity. The current multiplication stage 
53 generates an output current 54 by multiplication of the input I rcf reference current 
with a scaling constant M 58. The actual value of scalar M 58 depends on temperature 
data T 57 which is provided by the calculated temperature value produced in control logic 
59 using one of the temperature determining techniques described above. Note that a 
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similar scheme could be applied for a master current reference cell with a negative thermal 
coefficient (NPTA) proportional to the sensor's absolute temperature provided that the 
multiplication constant M is decreased as the temperature increases. In other words, 
scaling factor M decreases if master current increases with temperature in a NPTA scheme. 
On the other hand, scaling factor M will increase if master current decreases. Scaling factor 
M may be stored in a look-up table as a function of a determined temperature value T. 

[0040] Temperature compensation of the bias current can also be accomplished 
based on temperature measurements taken at various locations of a chip. Referring to FIG. 
3b, different regions of the CMOS sensor chip are at different operating temperatures, as 
the power continuously dissipated on chip from the several blocks of analog electronics 
(analog to digital converter (ADC) 36, read-out amplifier 35, digital to analog converters 
(DAC) 38) is different. For example, those areas of the chip closest to the ADC analog 
circuitry 36 will be warmer than the read-out amplifier 35 region as the ADC 36 power 
dissipation is generally higher than the power dissipation of amplifier 35. 

[0041] A local correction of a bias current on a region-by-region basis can be 
employed by itself of or in addition to the master current control illustrated and described 
with reference to FIG. 5. Such a local correction will depend on the specific location of a 
particular block of analog electronics (ADC, read-out amplifier, or DAC) on a chip in 
relation to a pixel array as block temperatures will be different at different component 
locations on a chip. The local correction approach requires the addition of a set of current 
multiplication stages as shown in FIG. 6, each controlled from the digital logic unit by a 
specific scaling or control signal related to the temperature measurements performed by the 
closest dark pixel used for temperature determination. Generally, each current 
multiplication stage will generate a unique current reference by multiplying a reference 
current 1^^, I^p,, I DACr by a different constant M (e.g., M^, M^p or M DAC ) to generate 
a bias current I (e.g., I^c, I^p or I DAC ), each adjusted to compensated for a different 
determined temperature. While these circuits, which are current consumers, have been 
illustrated in FIG. 6, these are only exemplary and fewer or greater numbers of current 
consuming circuits may be used with the invention. 
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[0042] Referring to FIG. 6, one embodiment of the invention can include one or 
more dark pixels in the vicinity of one or more components on an imager chip to calculate 
a local temperature for one or more components or areas on an imager chip. Thus, local 
temperature calculations using a localized dark current pixel for each circuit component 
may be used with equations (2) or (4) to produce a localized temperature compensated 
scaled current, e.g. 1^, I^p, I DAC . 

[0043] In addition, clusters of dark pixels in proximity to imager components can 
also be used to supply dark pixel signal for use in temperature calculations. The pixel 
clusters at each localized area can be used in connection with equation (5) to obtain the 
effect noted above. Also, the temperature calculations for individual or pairs of pixels in a 
cluster can be averaged to provide a more accurate temperature calculation. Whichever 
technique is used, on-chip dark current data 1^ is processed and converted into 
temperature data Tl 67, T2 69 and TN 71 from various dark clusters of pixels at different 
areas of the sensor chip (i.e., 61, 63 and 65). In this exemplary embodiment, cluster one is 
in the vicinity of an ADC 38, cluster two is in the vicinity of a read-out amplifier 35 and 
cluster N is in the vicinity of an N component, a DAC 38 in this case. The temperature 
data (e.g., 67, 69, 71) is input into a digital logic unit 73 which determines scaling control 
signals 77, M^p 79 and M DAC 81. 

[0044] Scaling control signals (M) can determined using one or more look-up 
tables which store M values that correspond to a particular calculated temperature (e.g., 
T2, T2 or T2) value or a range of calculated temperature values. For example, in this 
embodiment control signal 77 is determined by looking up the M value in a look-up 

table which corresponds to the calculated Tl value. 

[0045] The look-up tables can be used to store scaling signal M values which 
correspond to ranges of calculated temperature values. Look-up tables which associate 
calculated temperature ranges with scaling signal M values can be used to reduce the 
number of look up table entries used to determine scaling value M for a particular 
calculated temperature, e.g., Tl, T2 or T3. 
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[0046] Scaling signal Mj^c 77 is input into a current multiplication stage 83 
along with current reference 82. Scaling signal M^p 79 is input into a current 
multiplication stage 85 along with current reference 85. Scaling signal M DAC 81 is 
input into another multiplication stage 87 along with current reference 1^85. 

[0047] Scaling signals 77, M^p 79 and M DAC 81 are used in multiplication 
stages 83, 85, 87 to adjust the respective input reference currents Ia^ 82, I^p, 84 and 
Idao 86 such that the reference currents are increased or decreased in a manner indicated 
by the scaling signals. Current signals 1^89, I^p 91, I DAC 93 from multiplication stages 
83, 85, 87 are respectively provided to ADC 36, amplifier 35, DAC 38. 

[0048] A variety of current control circuit mechanisms are possible. As noted, 
one embodiment of the invention can also include a master control circuit which adjusts 
master current based on temperature in the manner described and illustrated with respect 
to FIG. 5 as well as another embodiment which supplies individual currents which are 
adjusted based on temperature in the manner described and illustrated with respect to FIG. 
6. Another embodiment can provide for a combination of the master current adjustment 
system of FIG. 5 and an individual current adjustment system of FIG. 6 based on various 
temperature calculations. Also, temperature calculations can be accomplished using a 
programmable processor as well as hard wired logic circuits. Calculation of temperature 
can be provided within the image processor or another control circuit for an imager or in a 
separate current control circuit for the imager. 

[0049] It should be noted that any temperature dependant signal or property in 
an imager can be corrected using the temperature sensor system described above. For 
example, voltage signals or circuit impedance can be corrected using the temperature values 
determined using the above described system use well known voltage, impedance or other 
circuit correction circuits. 

[0050] Referring to FIG. 7A, an exemplary embodiment of a circuit for adjusting 
resistance in one or more portions of an imager is shown. A chip temperature value 
calculated in accordance with the above described approaches then can be used to control 
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resistance within an imager chip. A programmable resistance adjustment controller 111 
connected to a variable resistor 115 which adjusts resistance values in imager circuitry 117. 
The controller 111 is controlled by an on-chip digital logic unit (not shown) which 
generates a scaling factor M 113 in response to a temperature data input. The actual value 
of scalar M 1 13 depends on temperature data which is provided by the calculated 
temperature value produced in the control logic unit using one of the temperature 
determining techniques described above. 

[0051] Referring to FIG. 7B, an exemplary embodiment of a circuit for adjusting 
capacitance in one or more portions of an imager is shown. A programmable temperature 
adjusted capacitance controller 123 is connected to a variable capacitor 125 which adjusts 
capacitance in imager circuitry 127. The controller 123 is controlled by an on-chip digital 
logic unit (not shown) which generates a scaling factor M 121 in response to a temperature 
data input. The actual value of scalar M 121 depends on temperature data which is 
provided by the calculated temperature value produced in the control logic unit using one 
of the temperature determining techniques described above. 

[0052] Referring to FIG. 7C, an exemplary embodiment of a circuit for adjusting 
voltage in one or more portions of an imager is shown. A programmable temperature 
adjusted voltage controller unit 133 is connected to a variable voltage source 135 which 
adjusts voltage in imager circuitry 137. The controller 133 is controlled by an on-chip 
digital logic unit (not shown) which generates a scaling factor M 131 in response to a 
temperature data input. The actual value of scalar M 131 depends on temperature data 
which is provided by the calculated temperature value produced in the control logic unit 
using one of the temperature determining techniques described above. 

[0053] Referring to FIG. 7D, an exemplary embodiment of a circuit for adjusting 
inductance in one or more portions of an imager is shown. A programmable temperature 
adjusted inductance controller unit 143 is connected to a variable inductor 145 which 
adjusts inductance in imager circuitry 147. The controller 143 is controlled by an on-chip 
digital logic unit (not shown) which generates a scaling factor M 141 in response to a 
temperature data input. The actual value of scalar M 141 depends on temperature data 
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which is provided by the calculated temperature value produced in the control logic unit 
using one of the temperature determining techniques described above. 

[0054] It should be noted with reference to FIGS. 7A-7D that controllers 111, 
123, 133, or 143 can be combined with an on-chip logic unit which performs temperature 
calculations. Also, one or more of circuits as in FIGs. 7A-7D can be incorporated into an 
imager chip in order to adjust one or more temperature dependent electrical properties 
such as voltage, inductance, resistance or capacitance. 

[0055] While exemplary embodiments of the invention have been described and 
illustrated, it should be apparent that many changes and modifications can be made 
without departing from the spirit or scope of the invention. Accordingly, the invention is 
not limited by the description above, but is only limited by the scope of the appended 
claims. 
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